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Towards combining
lasers and gene editing
via plasmonics

OUTLOOK

Three keywords:

1. Lasers:
which are the most relevant features for the experiment?

2. Gene editing:
what is that?

3. Plasmonics:
how can it help?
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3. Plasmonics:
how can it help?

preliminary experimental results, so far...
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LASER

A White’s notebook on the first realization of a HeNe laser

Courtesy of Alan White DATE g‘lﬂ’ 2¢ (9‘:51
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A solution seeking a problem

LASER
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Courtesy of Alan White

A.White’s notebook on the first realization of a HeNe laser
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LASER

A problem found and solved

Goldfinger - 1964
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LASER
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Laser as an extremely intense source of energy
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LASER

Intensity of a Gaussian Beam (w = 40mm, A = 30mm)
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LASER

Intensity of a Gaussian Beam (w = 40mm, A = 30mm)
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SETUP
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SETUP

A/2 GL M10

Ti:Sa 720-980 nm
150 fs 80 MHz &

Pmax 1.7 W SHUTTER g
Thorlabs
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to LoC 1
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SETUP

Images of the focal spot

Beam envelope
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SETUP
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2. GENE EDITING:
WHAT IS THAT?



THE DNA
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GENE EDITING

Meganucleases Zinc finger nucleases TALEN CRISPR/Cas9

Double strand break

Template
4
SOV,

Non-homology end joining (NHEJ) Homology-directed repair (HDR)
D £ A
Lo g PGP
Insertions/deletions Precise DNA editing
gene disruption gene insertion
WIKIPEDIA

Microhomology-mediated or
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CRISPR-Cas9

'HE NOBEL PRIZE Clustered
: N Cl { Regularly
- Inter
] Spaced
: Palindromic
Repeat
Cas9
(CRISPR associated system) protein
| Restriction RNA-guide
e Enzyme (RE)
Emmanuelle Jennifer A.
Charpentier Doudna
“for the development of a method
for genome editing”
THE ROYAL SWEDISH ACADEMY OF SCIENCES
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CRISPR-Cas9

How CRISPR

works

The Cas9 protein
forms a complex with

h : Cas9
guide RNA in a cell

This complex attaches to
a matching genomic DNA
sequence adjacent to a spacer

(yellow segment) Guide RNA

e The Cas9-RNA

complex cuts the  TITTTTTTTIT T I—"

8., T
double strands Of kbbb o "' bl
the DNA

Courtesy: Vittoria Raffa

e Programmed DNAmay T oy, o
be inserted at the cut W ‘”W

Credit: MRS Bulletin
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OPEN ISSUES

Opportunities Challenges

Targeted medicines

Ethical
concerns

~ Disease-resistant
crops

O New
industrial
O products

Source: GAO. | GAO-20-478SP

Regulatory
challenges
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OPEN ISSUES

Opportunities Challenges

Targeted medicines

Biofuels

A
«. Disease-resistant

. Crops

0 New \\ — -
QC 7 herels space for improvements

\

Ethical
concerns
M
.

r 1

Source: GAO. | GAO-20-478SP

rancesco. fuso@unipi.it Lights Of—\l\'% 0P
uscany



THE I-GENE PROJECT

In-vivo Gene Editing by NanotransducErs

1. A nanoparticle (NP) is incorporated in the enzyme
formulation

2. Nanoparticle acts as a nanotransducer

3. Upon laser absorption NP undergoes a localized
temperature increase

4. Temperature increase triggers the scissor operation and
DNA cleavage occurs

5. Negligible temperature increase should occur outside the
enzyme-concerned volume

(X ISTITUTO
Ilt ITALIANO DI IONL 47 prochimiasurfaces
TECNOLOGIA INTERNATIONAL! SQUARED
O This project has received funding from the European
Q | G Union’s Horizon 2020 research and innovation
qy °
‘.gi!. e n e programme under grant agreement No 862714,

https://i-geneproject.eu
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Transmission Elgctron Microscopy (TEM)
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- Histogram of AuNP-Cas9
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THE COMPLEX

Au spherical nanoparticles (AuNP) functionalized by affinity binding

Dynamic Light Scattering (DLS)

Cas9 protein
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o @1

150- Cytotoxic analysis
(in Zebrafish embryos)
= 100
E
g [y
0-

Cas9
750 pg/embryo

CTRL AuNP-Cas9 Cas9
1125 pg/embryo

Scissors still work and
the complex is viable (despite NPs)

francesco.fuso@unipi.it

Expected enzyme activation
temperature: 57 °C (AT ~ 20 K)

THE COMPLEX

Electrophoresis gel analysis

IDT®
Cas9

05 025 013 15 1

AuNP-Cas9

inuM 15 1

05 025 0.13 CTRL

<— Uncleaved DNA
<4“— 929 bp

1000 bp

<+— 351 bp
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3. PLASMONICS:
HOW CAN IT HELP?



LOCALIZED PLASMON RESONANCES

STATIC POLARIZABILITY OF A DIELECTRIC SPHERE

Let’s consider a dielectric, rather than metal, sphere immersed in a vacuum: we will see that the
result can be exported to the metal case with no major change

The problem considered here is thus the calculation of polarizability according to Clausius-Mossotti

(aka Lorentz-Lorenz) formula

o ,=-—PcosO
pol

vacuum
Eext
1 o, cos6
E, =-——0] —2—ds
ate dne *S  a”
with dS = 27a’ sin6do
Pt L . P
E, __=—/|cos"0smbdb=——>E
iE. £,
I/_:\.,'z Ec\’l + Eloc = Eerl L~y
\_/ " 3g,

By definition:

By definition:

For an elementary
dipole at the center: p = aE )

- -———
~

francesco.fuso@unipi.it
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LOCALIZED PLASMON RESONANCES

Ottaviano Fabrizio Mossotti

[+ Da Wikipedia, I'enciclopedia libera.

Ottaviano Fabrizio Mossotti (Novara, 17 aprile 1791 — Pisa, 20 marzo 1863) é stato un matematico, fisico, astronomo e
accademico italiano.
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LOCALIZED PLASMON RESONANCES

DRUDE MODEL FOR THE METAL

Drude model (classical, but its main results are in general agreement N )

with quantum models): y=—= _ %)

Electrons in the metal undergo collisions with the lattice, giving rise to a
damping at rate y

Electrons in a metal driven by an oscillating electric field are well described by a damped/driven

motion: - -
E = E(t) =E exp(—iwt) — r =F(t) =1, exp(—imt)

d’r dr - = ~ =
m—s+y—=—ekE — —a)zmr0 —iwymr, = —ek,
dt dt
- = e
—r=E —
ma- + iwym
2 a)z
The polarization field can Pe—nof =~ ad E=-e —L2F=yE
be written as: ma’ + iwym "0’ +iyw
Drude model leads to a frequency 0)2 /’/ a)2 \‘\\
dependent, complex dielectric _ p J_) £ = l+v=1- p ‘
constant describing the metal . . - 2 ¢ Puara
(0 . l}'w @ +1yw

francesco.fuso@unipi.it
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LOCALIZED PLASMON RESONANCES

A

E Electran

cloud
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Lycurgus cup (IV century AD) @ British Museum
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Back-lit — Side-lit
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LOCALIZED PLASMON RESONANCES

E Electron
‘ ﬁq - cloud
o =4nE a —mi—— ==
E".‘.\ gl -?- 2£A.’IL WLITIC
Gold
sphere
Lycurgus cup (IV century AD) @ British Museum 20

= 10 nm

— - 20 nm

' 30 nm

iEJ, 1.5 _ gg o

nm

= JE& \\ 60 nm

£ 10 4 . 7onm

o +++ 80 nm

Q . | .+ 90 nm
c?g . = * =100 nm

Q05 | ..+ Gold in water
Resonance leads to enhanced | A LT T
absorption of light 400 500 | 600 700 800
Wavelength (nm)
&
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SIMULATED HEATING

Multiphysics simulation including light absorption, temperature increase, heat propagation

hv
VVVV\D o Plasmon resonance
heated

region

8
dephasing (10 fs)

Non-thermal electron distribution

:
<)

| e-e scattering (100 fs)

é

Hot electron distribution

e-ph scattering (1 ps)

Vibrational resonances

@' coupling to the environment (>10 ps)

rancesco. fuso@unipi.it Lights Of—\l\'% 0P
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SIMULATED HEATING

Multiphysics simulation including light absorption, temperature increase, heat propagation

i fi : AT [K] T |
Electric field amplitude “Au NP 12 nm |
heated GREEN |

region 50 LA =532 nm

1 =3x10%° W/m? |
100 ns pulse duration
40 | 1

Expected temperature

Power absorption Temperature increase 20 pm————rmm— - increase required to 4
- activate the enzyme

10 | I
0 - ' - - ' - :
-300 -200 -100 0 100 200 300
Distance from NP center [nm]
( N J
Experimentally, we should be in the proper range ||t

ISTITUTO ITALIANO
DITECNOLOGIA

0 v“i—\v
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EXPERIMENT

4
| 16 ul drop (4.5 mm diameter) containing DNA sample in solution
Spiral-like trajectory to increase
irradiated area (60 s irradiation)
Real-time monitor of the bulk
temperature
MLX90614 IR sensor
10 bit — 0.02 °C sensitivity
francesco.fuso@unipi.it Lights Of—ruscany 000




EXPERIMENT

16 ul drop (4.5 mm diameter) containing DNA sample in solution

Spiral-like trajectory to increase
irradiated area (60 s irradiation)

Real-time monitor of the bulk
temperature

3l 8(1)_3 GREEN |
- - - 9 2
b2 | = 5x10° W/m

32

30

28

llll[’lllllllllllll

Temperature [°C]

26

-~

- o -

MLX90614 IR sensor
10 bit — 0.02 °C sensitivity

—————— B

24

- -
-
soaataaaalasast

0 20 40 60 80

4
Plﬂfrllll]lllllllllllllllll
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PRELIMINARY

Electrophoresis gel analysis

Laser intensity
: 5x10° W/m?
: 2.5x10° W/m?
: 1x10° W/m?
:0.6x10° W/m?

0O W >

Sample material legend
: DNA only
: DNA + RE
: DNA + AuNP + RE + dCas9
: DNA + AuNP + dCas9 (functionalized)
: DNA + AuNP + RE + dCas9 (functionalized)

A wWwNEFELO

Not properly working, yet!

francesco.fuso@unipi.it Lights Of—\l\'% 0P
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LOCAL TEMPERATURE INCREASE

DNA hairpin functionalized
with a fluorophore

Fluorescence quenched
'\J'
.:___'_F,/III

Fluorescence activated

A nanosized thermometer

Cy5
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LOCAL TEMPERATURE INCREASE
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LOCAL TEMPERATURE INCREASE

Irradiation pulse
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LOCAL TEMPERATURE INCREASE

Irradiation pulse
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3bis. PLASMONICS:
ANOTHER STRATEGY



Au NANORODS

Using nanorods rather than nanospheres leads to another, red-shifted, plasmon resonance band

Longitudinal electron oscillation
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https://doi.org/10.1515/nanoph-2017-0064
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DIMERS

Electric field amplitude

Field amplitude strongly enhanced close to the NP surface

( ) Near-field effect
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DIMERS

Electric field amplitude

Byl
( ) F amplitude
Oscillating dipole 111111 N R EEEPssasesasEEaEEEn  ~caan
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http://iopscience.iop.org/article/10.1088/0143-0807/37/6/065206/meta
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DIMERS

Electric field amplitude
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PRELIMINARY

Laser intensity
1:8x10** W/m?
: 4x10" W/m?

N

Sample material legend
: only DNA
: DNA + dimer @15x101°
: DNA + dimer @30x10%°
: DNA + dimer @7.5x10%°
: DNA + dimer @5x10%
: DNA + dimer @2.5x10%
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Maybe!
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CONCLUSIONS

An experimental setup has been developed
Simulations suggest feasibility
Preliminary in-vitro tests in progress

Still lot of work to do including other directions
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